The calcium-regulated transcription factor NFAT is emerging as a key regulator of neuronal development and plasticity but precise cellular consequences of NFAT function remain poorly understood. Here, we report that the single Drosophila NFAT homolog is widely expressed in the nervous system including motor neurons and unexpectedly controls neural excitability. Likely due to this effect on excitability, NFAT regulates overall larval locomotion and both chronic and acute forms of activity-dependent plasticity at the larval glutamatergic neuro-muscular synapse. Specifically, NFAT-dependent synaptic phenotypes include changes in the number of pre-synaptic boutons, stable modifications in synaptic microtubule architecture and pre-synaptic transmitter release, while no evidence is found for synaptic retraction or alterations in the level of the synaptic cell adhesion molecule FasII. We propose that NFAT regulates pre-synaptic development and constraints long-term plasticity by dampening neuronal excitability.
Introduction
The Drosophila third instar larval neuro-muscular junction has served as a robust model to investigate synaptic function, mechanisms of synaptic development and synaptic plasticity including homeostatic regulation of growth and transmitter release (Brunner and O'Kane, 1997; Ruiz-Canada and Budnik, 2006; Sanyal and Ramaswami, 2006) . In particular, the role of key plasticity-related transcription factors such as CREB and Fos have been studied in detail and have contributed to a widely held model of activity and protein synthesisdependent long-term plasticity, that crucially involve such transcription factors (Davis et al., 1996 ; Freeman et al.; Hoeffer et al., 2003; Sanyal et al., 2002) . Since these transcription factors appear to perform conserved functions in all invertebrate and vertebrate models tested, studies in Drosophila have the power to illuminate the function of other hitherto unstudied transcription factors in neural development and plasticity. Recently, in a screen devised to identify genes that modify a Fos-dependent synaptic phenotype, we isolated alleles of the fly homolog of the transcription factor NFAT (Franciscovich et al., 2008) . Since numerous studies have documented functional interactions between Fos (and the hetero-dimeric transcription factor AP-1) and NFAT in non-neuronal cells (Rao et al., 1997) , we investigated neuronal functions of NFAT at the Drosophila NMJ.
In recent years, the transcription factor NFAT (Nuclear Factor of Activated T-cells) has been steadily emerging as an important regulator of neural development and plasticity (Graef et al., 1999; Graef et al., 2003; Kao et al., 2009; Schwartz et al., 2009 ). For instance, mice mutant for multiple NFAT genes have abnormally developed dorsal root ganglion neurons and in vitro experiments suggest aberrant responses to growth factor stimulation (Graef et al., 2003) . Similarly, a GSK-3-Calcineurin-NFAT signaling module is known to operate in hippocampal neurons and actively participates in the growth and plasticity of tectal neuron dendrites in the tadpole (Graef et al., 1999; Schwartz et al., 2009 ). In these model systems (as in T-cells), the Calcium regulated phosphatase Calcineurin controls NFAT nuclear entry, and thereby NFAT-dependent transcription, by dephosphorylating conserved amino acid residues. While these studies have highlighted conserved and important neural roles for Calcineurin and NFAT, precise functional consequences of NFAT on pre-synaptic growth and transmitter release, potential cellular mechanisms downstream of NFAT, and its impact on behavioral outputs of the nervous system have not been investigated (Nguyen and Di Giovanni, 2008) .
In the present report, we address this deficiency by presenting an extensive analysis of the single Drosophila NFAT homolog. We show that neuronal NFAT inversely regulates the number of pre-synaptic boutons and pre-synaptic transmitter release at this synapse. Although we find no evidence for altered synaptic retraction, mislocalization of both pre-(Shi/Dynamin) and post-synaptic (Dlg/PSD-95) proteins, or changes in levels of the neural cell adhesion molecule FasII, we do detect strong variations in the number of MAP1B (Futsch) labeled synaptic microtubule loops in NFAT manipulated synapses. Functionally, our results suggest that NFAT attenuates the intrinsic excitability of motor neuron in vivo. Consistently, this altered excitability leads to measurable changes in larval locomotor behavior. Finally, we demonstrate that NFAT also inhibits both chronic and acutely induced activity-dependent pre-synaptic plasticity in these motor neurons.
The potency of neural activity to regulate neural development and plasticity is firmly established. Thus, across model systems, changes in activity or excitability profoundly impact both short-and long-term plasticity. Indeed several transcription factors involved in plasticity and behavioral adaptation such as Fos, CREB and Zif-268 have been shown to be responsive to changes in neural activity (Bartsch et Wong and Ghosh, 2002) . However, whether these or other plasticity-related transcription factors might themselves alter excitability in neurons is relatively poorly explored. Our results, in addition to establishing NFAT as a regulator of neural development and plasticity, also reveal an unexpected function of NFAT in the maintenance of normal neuronal excitability. While the precise molecular mechanism by which NFAT might influence neural activity remains a topic of future investigation, our current findings suggest a model in which NFAT restricts activity-dependent plasticity by directly modulating neuronal excitability.
Results

A single Drosophila NFAT homolog is expressed in the nervous system
Drosophila has only one NFAT homolog (CG 11172) with two splice isoforms (Keyser et al., 2007) that is 53% similar to mammalian NFATc2 and 64% similar to mammalian NFAT5. Key diagnostic features of NFAT are conserved including the Rel Homology Domain (RHD), part of the Calcineurin binding domain and a subset of amino acid residues that mediate direct interactions with the AP-1 transcription factor (Chen et Figure 1A ). We identified NFAT in a screen for genetic interactors of AP-1, and found that pan-neuronal NFAT overexpression from two EP lines (19579 and 1508) causes observable phenotypes in synaptic structure at the larval muscle 6/7 neuro-muscular synapse as reported previously in a separate screen (Franciscovich et al., 2008; Kraut et al., 2001 ). EP elements contain multiple GAL4 responsive UAS sites at their 3′ ends (Rorth, 1996) and when inserted upstream of gene coding regions, enable directed expression of the downstream gene in a spatiotemporal domain of interest. We sequence verified the insertion site and orientation of the two EP lines, to confirm that 19579 is in a position to drive expression of NFAT isoform A (NFAT-A) while 1508 can drive expression of NFAT isoform B (NFAT-B) ( Figure 1A ; note that the two isoforms differ only in their first exon). To carry out loss-of-function analysis of NFAT, we also obtained a previously described deletion allele (NFAT ΔAB ) from Daniel Hultmark (Umeå university, Sweden) (Keyser et al., 2007) . This deletion removes common exons 2 and 3 that are shared between NFAT-A and NFAT-B and should, therefore, eliminate expression of the full length NFAT-A and B isoforms ( Figure 1A ). We did not detect a truncated protein in our western analysis of this deletion allele, suggesting that this allele is most likely null for NFAT expression (see below). In our own attempts at generating excision alleles, we recovered two independent lines that remove either the first exon of NFAT-A (NFAT ΔA ) or NFAT-B (NFAT ΔB ). These lines were isolated by excising either EP19579 or EP1508 respectively, and were sequenced to confirm the extent of these deletions.
In order to define the endogenous expression pattern of NFAT we raised antibodies in rabbits against a bacterially expressed recombinant protein comprising Glutathione Stransferase and the C-terminal portion of Drosophila NFAT (amino acids 989-1419; materials and methods). This affinity-purified antibody recognizes a band of the predicted molecular weight (approximately 150 KD) on western blots from adult and larval brain extracts ( Figure 1B) . Expectedly, over-expression of this protein from the two EP lines (EP19579 = NFAT-A and EP1508 = NFAT-B) using the GAL4-UAS system (Brand and Perrimon, 1993 ) (elav C155 -GAL4) results in a stronger band on this western, while a genomic deletion for NFAT (NFAT ΔAB ) eliminates expression of this protein. Consistent with NFAT protein expression, presence of NFAT mRNA was also detected in larval brains through RT-PCR (supplementary Figure 1A) and RNA in situ experiments ( Figure 1C ). When probed with isoform-specific probes that are complementary to the first exon of either NFAT-A or B, isoform-specific expression was detected in larval brains. This is most evident when either NFAT-A or B is expressed in the larval brain using a pan-neuronal elav C155 -GAL4 driver. Thus, these experiments also directly verified that EP19579 and 1508 can be used to over-express either NFAT-A or NFAT-B respectively in the brain when combined with an elav C155 -GAL4. Similarly, we found that the genomic deletion (NFAT ΔAB ) does not have detectable NFAT mRNA ( Figure 1C and supplementary Figure  1A ).
Since our antibodies did not prove to be useful for immuno-histochemistry, we could not detect endogenous NFAT protein in tissues with this reagent. However, we identified a preexisting GFP "splice trap" strain in which a GFP exon flanked by splice acceptor and donor sites is integrated into the first intron of the NFAT-A gene ( Figure 1A and supplementary Figure 1 ) such that GFP is spliced in frame with the endogenous NFAT-A transcript (Buszczak et al., 2007) . Reverse transcriptase PCR and sequencing of the NFAT-A transcript from this homozygous viable line confirmed that the coding sequence for GFP is indeed integrated between exons 1 and 2 in the NFAT-A transcript (supplementary Figure 1  A and B) . Additionally, we also detected the presence of a fusion protein of the expected size when we probed a western blot of protein extract from the NFAT::GFP strain with anti-NFAT or anti-GFP antibodies (supplementary Figure 1C and 1D) . Staining larval and adult brains in this strain for GFP showed widespread expression of NFAT in the nervous system (in addition to some non-neuronal cells) including larval glutamatergic motor neurons that are marked by the C380-GAL4 line ( Figure 1D ; for adult brain staining see supplementary Figure 2 ) (Sanyal, 2009 ). In neurons, NFAT staining appears restricted to nuclei suggesting a predominantly different steady-state cellular localization than its vertebrate counterpart which is known to shuttle between the cytoplasm and nucleus based on its phosphorylation state (Graef et al., 1999; Loh et al., 1996; Schwartz et al., 2009) . That this staining indeed represents functional endogenous NFAT is further confirmed through RNAi mediated knock down of NFAT (and hence of GFP fluorescence) in a tissue specific manner, and by the observation that NFAT::GFP heterozygous over a genomic deficiency that removes NFAT (Df(1)ED7217: 12A9-12B2) produces completely viable adults whereas the NFAT ΔAB allele does not (suggesting that NFAT::GFP has normal NFAT activity). Additionally, NMJ size (bouton numbers) and various parameters of pre-synaptic transmitter release in NFAT::GFP homozygous animals are indistinguishable from wild type (supplementary Figure 3) . Expression of NFAT-RNAi in neurons or muscle strongly attenuates NFAT::GFP staining in that particular tissue ( Figure 1E and supplementary Figure 4) . Specifically, as shown in the inset images in Figure 1E , NFAT::GFP expression in the dorsal medial cluster of larval motor neuron (top row shows larval brains from the NFAT::GFP line stained for Elav and GFP) is abolished through expression of NFAT RNAi in these neurons (bottom row shows the NFAT::GFP line in which NFAT RNAi is expressed pan-neuronally; while Elav staining persists, GFP staining is almost completely eliminated). In sum, these results demonstrate that a) both Drosophila NFAT mRNA and protein are normally expressed in the nervous system including motor neurons and, b) our experimental reagents can be used effectively to either overexpress or knock down NFAT in vivo.
NFAT regulates pre-synaptic growth
Our results suggest that neuronal NFAT regulates the number of pre-synaptic boutons. NFAT ΔAB mutants (either homozygous or heterozygous with the non-complementing genomic deficiency) have expanded synapses as compared to controls (measured by counting synaptotagmin labeled pre-synaptic puncta or boutons at the stereotypic muscle 6/7 synapse) and a precise excision line, while average muscle surface area remains unaffected (supplementary Figure 5) . As compared to this larger deletion allele, deletion of either NFAT-A (NFAT ΔA ) or NFAT-B (NFAT ΔB ) had minimal effects on NMJ size (Keyser et al., 2007) (Figure 2A and 2B; Mean bouton numbers: NFAT ΔAB /Df(1)ED7127 = 206+/−9; Df(1)ED7127/w 1118 = 151+/−5; p<0.001). Similarly, pan-neuronal RNAi mediated knock down of NFAT achieved through the expression of NFAT-targeted dsRNA from the elav C155 -GAL4 driver also results in NMJs larger than control animals (Mean bouton numbers: elav C155 control = 133+/−6; NFAT-RNAi = 162+/−6; p<0.001). Contrarily, expression of either NFAT-A or NFAT-B in neurons using the same pan-neuronal GAL4 driver line (elav C155 -GAL4) results in synapses that are significantly smaller than appropriate genetic controls (Mean bouton numbers: w 1118 = 137+/−3; NFAT-A = 67+/−3; NFAT-B = 106+/−4; p<0.001) (Figure 2A and 2B) . Rescue of synaptic phenotypes observed in the NFAT ΔAB deletion allele with the wild type NFAT transgene has been hampered by the non-availability of a full-length NFAT cDNA (we found the cDNA available from DGRC to be a truncated transcript, suggesting perhaps more complex transcriptional regulation at the NFAT locus). In an alternate strategy, we asked whether synaptic phenotypes resulting from over-expression of NFAT were due to the transcriptional activity of the NFAT protein. To this end, we generated an NFAT dominant-negative transgene that solely expresses the RHD domain (predicted to be involved in transcriptional regulation) of NFAT without the transcription activating region (materials and methods), with the idea that this protein could interfere with endogenous or over-expressed NFAT function. When coexpressed with normal NFAT from either of the two EP lines, smaller NMJs due to NFAT over-expression alone are rescued to wild type sizes by this NFAT-RHD transgene. This observation suggests that the RHD domain in Drosophila NFAT is functionally active and the transcriptional activity of NFAT is required for NFAT-mediated synaptic growth phenotypes (Heckscher et al., 2007) . Although NFAT is normally expressed in larval muscle tissue as well (Supplementary Figure 4) , post-synaptic muscle expression of NFAT (Sanyal et al., 2005 ) using a mef2-GAL4 driver line had no observable effect on NMJ size, suggesting a pre-synaptic locus for these phenotypes. Together, these results confirm negative regulation of pre-synaptic growth by NFAT. Interestingly, expression of either NFAT-A or NFAT-B partially suppresses the effect of AP-1 on synapse growth ( Figure 2B ). However, since co-expression of NFAT and AP-1 results in a synapse that has an intermediate number of boutons, a clear epistatic relationship between NFAT and AP-1 seems unlikely. As such it is difficult to define a precise hierarchical relationship between these two transcription factors in the regulation of Drosophila synaptic development, though they seem to regulate NMJ growth antagonistically. It is to be noted that this situation is somewhat reminiscent of that in vertebrate T-cells (Macian et al., 2002) . ). Synaptic retraction has previously been reported at this synapse and is measured by double-staining the synapse for a pre-and post-synaptic marker. If synaptic retraction has taken place, then post-synaptic densities are observed without corresponding pre-synaptic boutons (synaptic "footprints"; (Collins and DiAntonio, 2007) ). Since these synapses are generally considered to be stable by the end of the larval period, and post-synaptic densities are usually formed opposite existing pre-synaptic contacts, the presence of isolated post-synaptic densities is considered a mark of synaptic retraction. To measure retraction, we co-stained NFAT manipulated synapses with antibodies against the pre-synaptic protein Shibire (the Drosophila Dynamin homolog) and the membrane associated synaptic scaffold protein Dlg (Drosophila PSD-95) (Estes et al., 1996; Lahey et al., 1994) . In addition to normal Dyn and Dlg sub-synaptic localization ( Figure 3A high magnification images for control and NFAT-A overexpression synapses), we found no evidence for altered synapse retraction when NFAT was increased or decreased in neurons (Eaton et al., 2002) . Figure 3A and 3C show that no "footprints" are found at the muscle 4 NMJ in any genotype tested, while the effect of NFAT perturbation on bouton number is consistently observed at this synapse, using a different pre-synaptic marker (Dynamin). These results suggest that NFAT might alter the rate or manner of synapse growth. To determine potential mechanisms for altered synaptic growth we first focused on a Drosophila neural cell adhesion molecule, FasII, a protein that has been implicated in synapse growth regulation in several previous studies (Koh et al., 2002; Sanyal et al., 2002; Schuster et al., 1996b) . However, FasII protein levels in terminal boutons, normalized to anti-HRP staining intensity in the same boutons, remain invariant under conditions of NFAT over-expression, suggesting alternate means of growth regulation ( Figure 3D ).
Next, we noticed that NFAT over-expression resulted in clusters of terminal synaptic boutons and an overall reduction in the expanse of the pre-synaptic arbor (note clusters of terminal boutons following neuronal NFAT expression in enlarged panels of Figure 3A ). To test the hypothesis that these synapses represent abnormal growth where multiple terminal boutons surround an older bouton, we stained for the microtubule binding protein, Futsch (Roos et al., 2000) (the Drosophila MAP1B homolog). In stable terminal boutons, Futsch is known to decorate closed loops of synaptic microtubules (Roos et al., 2000; Ruiz-Canada et al., 2004) . If multiple terminal synaptic boutons are found in NFAT over-expressing synapses, then we predicted that these boutons should contain closed Futsch decorated microtubule loops. Consistent with our hypothesis, the number of Futsch positive microtubule loops is increased dramatically in NFAT over-expressing animals, while NFAT deletion animals had significantly fewer loops as compared to controls (Mean number of Futsch labeled loops per synapse: w 1118 = 14+/−1; NFAT-A = 21+/−2; NFAT-B = 27+/−1; NFAT ΔAB /Df(1)ED7127 = 11+/−1; p<0.001) ( Figure 3B and 3E). When we measured the length of these synapses (mean longitudinal distance covered by pre-synaptic varicosities on muscle 6), we observed a significant reduction in NFAT over-expression synapses. To test whether this reduced synaptic length might correlate with Futsch, we reduced the gene dosage of Futsch using the hypomorphic Futsch N94 allele in the background of NFAT expression (Roos et al., 2000) . Results shown in Figure 3F indicate that reducing Futsch restores normal synaptic length when NFAT is expressed in motor neurons with the D42-GAL4 (Sanyal, 2009 ). Thus, using multiple markers of synapse growth and a motor neuron enriched GAL4 line, these observations together confirm that NFAT negatively regulates synapse growth and also point to an important role for the microtubule binding protein Futsch in NFAT mediated regulation of synapse growth.
NFAT regulates transmitter release at the NMJ
In addition to regulating NMJ growth, NFAT also negatively controls transmitter release from the pre-synaptic terminal. Thus, neuronal expression of either NFAT-A or NFAT-B reduces (Mean EJC amplitude: p<0.001), while loss of NFAT increases transmitter release (Mean evoked junction current or EJC amplitude: w 1118 = 83+/−3 nA; NFAT-A = 67+/−3 nA; NFAT-B = 34+/−5 nA; Df(1)ED7127/w 1118 = 79+/−4; NFAT ΔAB /Df(1)ED7127 = 94+/ −6; p<0.001) as determined by measurements of evoked excitatory junctional current (EJC) amplitudes under two-electrode voltage clamped conditions ( Figure 4A and 4C). These changes are pre-synaptic in origin since average amplitudes of spontaneous release (mini EJCs) are comparable across genotypes and not significantly different ( Figure 4D) . Therefore, the quantal content of transmitter release, i.e. the number of synaptic vesicles released per action potential, (measured by dividing the mean EJC amplitude by the mean mEJC amplitude for each recording) is negatively regulated by NFAT ( Figure 4E ). For reasons currently unclear a stronger reduction in quantal content was observed with NFAT-B than with NFAT-A which is in apparent opposition to the effect seen on synapse growth ( Figure 2 ). It is possible that homeostatic mechanisms act differently based on expression levels of NFAT-A and NFAT-B to result in the final state of the synapse vis-à-vis growth and transmitter release. We also observed some variations in mEJC frequency but these did not correlate in any meaningful manner with levels of NFAT expression and are likely unlinked to NFAT ( Figure 4F ).
Changes in the quantal content of release might arise due to alterations in the number of release sites or active zones (Kim et al., 2009; Marrus and DiAntonio, 2004) . However, when we counted the number of active zones at the muscle 6/7 synapse using staining for an active zone localized protein Bruchpilot (Wagh et al., 2006 ) and a semi-automated method that uses a software commonly used to detect protein spots in 2D-electrophoresis (supplementary Figure 6 ; see materials and methods), we found these numbers to be mostly invariant across all genotypes tested ( Figure 4G ) (Kim et al., 2009 ). We concluded that NFAT does not alter transmitter release by affecting the number of active zones, and therefore is likely to influence the probability of synaptic vesicle release. Consistent with this idea, the calcium responsiveness of transmitter release differs significantly between control and NFAT manipulated animals. For instance, recordings of EJCs at 1.1 mM external calcium shows that while neuronal expression of NFAT-A or NFAT-B limits EJC amplitude (as compared to controls), loss of NFAT results in a greater increase in EJC amplitude with elevated external calcium ( Figure 4B ). However, a precise determination of changes in release probability will require further measurements of transmitter release derived from paired-pulse facilitation experiments and quantal analysis. Together with demonstrations of synapse growth regulation, these data show that NFAT belongs to a select group of transcription factors that control both pre-NMJ size and strength at this synapse similar, for example, to AP-1, but distinct from CREB and Adf-1 ( 
NFAT suppresses neuronal excitability in Drosophila larval motor neurons
Since NFAT controls pre-synaptic growth and transmitter release, but apparently not through modulation of either active zone number or the NCAM homolog FasII, we considered the possibility that NFAT regulates neuronal excitability. Abnormal neuronal excitability can alter synaptic morphology through cellular processes including microtubule rearrangements (Budnik et al., 1990 ; Davis et al., 1996; Freeman et al.; Mosca et al., 2005) and can directly affect the probability of neurotransmitter release (Sandstrom, 2004) . Moreover, initial examination suggested altered overall motor activity following neuronal expression of NFAT (see below). To directly test the outcome of increased neuronal NFAT on excitability, we performed patch-clamp measurements on the well characterized and easily identified dorso-medial RP2motor neuron in larvae. Figure 5A shows the dorsal surface of a larval ventral nerve cord (VNC) expressing GFP in RP2 neurons from a ShakB-GAL4 line (materials and methods) (Takizawa et al., 2007) . RP2 neurons also express NFAT, since NFAT::GFP staining overlaps with ShakB-GAL4 driven expression of nuclear localized β-galactosidase. Overexpression of NFAT-A dramatically reduces the excitability of RP2, in that the input resistance (R in ) measured in voltage clamp is reduced to half of the wildtype (Mean R in : control = 1.31+/− 0.16; NFAT-A = 0.65 +/− 0.39; p < 0.01; Figure 5B and C). As a consequence of this drastic increase in the leakiness of the cell, NFAT neurons depolarize much less, and produce fewer action potentials than controls for the same magnitude of current injected ( Figure 5D and E), and therefore, require a greater degree of synaptic current to fire action potentials. As a result, we expect that neurons with more NFAT should have considerably reduced input-output properties in vivo.
Translated to the whole nervous system, the above reduction in excitability is expected to produce observable behavioral consequences. To measure behavioral output, we assayed crawling patterns in freely moving wandering third instar larvae following chronic manipulations in neuronal NFAT. Larvae were imaged individually on agar plates containing no sucrose for a total period of 1 minute. Larval crawling patterns were tracked and measured using ImageJ (see materials and methods) and distance traveled compared across genotypes. As shown in Figure 5F , larvae expressing either NFAT-A or NFAT-B moved significantly slower than control animals and thus covered a smaller distance in the allotted time (representative tracks from two independent animals are shown for each genotype). Moreover, as compared to a relatively straight trajectory in wild type animals, NFAT expressing larvae also displayed a greater degree of turning and "rolling". From these recordings we concluded that NFAT expression in neurons results in lowered motor neuron firing that ultimately correlates with slow and unsteady locomotory patterns (quantitative analysis of crawling is shown in Figure 5G ).
NFAT constrains activity-dependent pre-synaptic plasticity
Sustained alterations in the electrical activity of neurons is widely acknowledged to be a key regulator of long-term synaptic plasticity (Budnik et al., 1990 ; Chen and Tonegawa, 1997). Since our results show that NFAT reduces neuronal excitability, we hypothesized that increased neuronal NFAT would be sufficient to inhibit activity-driven synaptic changes at the larval NMJ. To test this idea we used two separate models that assay chronic (developmental) and acute forms of activity-dependent plasticity at this synapse.
The recently developed chronic plasticity model utilizes a combination of two mutations, comatose and Ca-P60A (called CK henceforth), that stably increases neuronal activity and activates the Ras/MAPK signaling cascade in larval motor neurons to produce larger larval NMJs (increased pre-synaptic bouton number) with stably elevated transmitter release as compared to similarly reared genetic controls (Freeman et al. ; Hoeffer et al., 2003) . Consistent with our prediction for NFAT, we discovered that motor neuron limited expression of either NFAT-A or NFAT-B using the OK6-GAL4 driver line (Sanyal, 2009 ) completely abolished increased synapse growth and transmitter release observed in CK animals ( Figure 6 ). In fact, these two synaptic parameters were indistinguishable between control animals expressing NFAT and CK animals expressing NFAT, suggesting that NFAT function in pre-synaptic neurons is sufficient to inhibit activity-dependent plasticity in CK animals (p >0.18). Additionally, since OK6-GAL4 limits expression to larval motor neurons, these results also demonstrate cell autonomous roles for NFAT in Drosophila motor neurons in the regulation of neuronal excitability and plasticity.
We further tested whether NFAT expression was capable of inhibiting acute activitydependent bouton formation at the NMJ (Ataman et al., 2008) . Spaced treatment of dissected larval neuro-muscular preparations with high potassium containing saline results in the formation of "ghost boutons", pre-synaptic varicosities that lack opposing postsynaptic receptor clusters. These nascent boutons are believed to be the precursors of stable synaptic boutons, the formation of which is induced by increased neural activity. Under basal conditions, synapses typically contain 1-2 ghost boutons, but this number is increased several fold to 6-7 ghost boutons per synapse following spaced stimulation with high potassium containing saline. Expression of NFAT-A in motor neurons, however, completely precludes such activity-induced ghost bouton formation, such that the number of ghost boutons per synapse remains at baseline levels ( Figure 7 ). Together with previous observations, these results strongly suggest that NFAT inhibits activity-dependent plasticity at the larval NMJ ( Figure 7D ).
Discussion
NFAT-dependent cellular phenotypes in neurons are poorly understood. In this report we show that the single Drosophila NFAT homolog is expressed widely in the nervous system including motor neurons and using the established larval neuromuscular junction preparation, we demonstrate that pre-synaptic NFAT negatively regulates both synapse growth and transmitter release in a cell autonomous fashion. Synapse growth is regulated not by altered synaptic retraction or through neural cell adhesion molecules but involves stable modifications in the synaptic microtubule skeleton. Quite unexpectedly, we also find that neuronal expression of NFAT results in a decrement in neuronal excitability. Reduced neuronal excitability manifests as slower larval crawling suggesting behavioral outcomes of NFAT-mediated cellular phenotypes. These results provide evidence for the idea that specific plasticity-related transcriptional pathways can directly regulate neuronal excitability thereby exerting a strong influence on activity-dependent synaptic plasticity.
NFAT negatively regulates the number of boutons at the larval neuro-muscular synapse. As such, over-expression of either NFAT isoform in motor neurons leads to a smaller synapse with fewer boutons, while loss of NFAT produces more boutons as compared to control animals. Such bi-directional regulation of bouton numbers is also seen in the case of the transcription factor AP-1 and in instances where neural activity or cAMP signaling has been experimentally manipulated (Budnik et (Schuster et al., 1996a) . However, our results suggest that synaptic FasII levels remain invariant following perturbation in NFAT expression pointing to different cellular pathways being regulated by NFAT. Synapse retraction, the withdrawal of pre-synaptic boutons after synaptic connections have been established, is also absent, suggesting that synapse growth per se is perhaps altered by NFAT. This idea is supported by the differences in MAP1B (Futsch) decorated microtubule structures that are observed in terminal synaptic boutons. NFAT over-expressing animals have many more closed stable microtubule loops while NFAT lossof-function synapses have fewer. This phenotype is accompanied by modifications in the total expanse of the pre-synaptic arbor on the muscle cells. Interestingly, reducing the gene dosage of Futsch restores synaptic length. However, although Futsch is perhaps required for NFAT-and activity-dependent synaptic phenotypes, it is likely not a target of NFAT, since total Futsch protein levels remain unaltered following changes in NFAT expression (supplementary Figure 7) . At this point we favor the idea that synaptic changes mediated by NFAT, including an effect on the number of Futsch positive terminal loops, are due to its effect on neuronal excitability (see below).
In addition to the number of pre-synaptic boutons, NFAT also regulates pre-synaptic transmitter release. Expression of either NFAT isoform strongly reduces the quantal content of release, while loss of NFAT increases it. Through EJC measurements under varying concentrations of extra-cellular calcium, we find that at relatively higher concentrations of extracellular calcium, the calcium dependence of release is inhibited by NFAT. This, in addition to no discernible changes in the number of active zones, might reflect an effect on either calcium entry through voltage gated calcium channels at the synapse, or on calcium sensing mechanisms within the boutons. Since the vast majority of studies have focused on a regulatory connection between calcium entry, calcineurin activation and NFAT nuclear translocation, the possibility that NFAT might itself regulate calcium entry and/or sensing is intriguing. It is also possible that a reduction in membrane resistance at the synaptic membrane, similar to that observed in the neuronal soma, might lead to reduced depolarization and less than normal calcium entry at the synapse. Future studies might discriminate between these possibilities by directly measuring calcium entry into synapses, genetically and biochemically testing interaction with calcium sensors such as synaptotagmin, subunits of calcium channels such as cacophony, and proteins that are known to regulate calcium dynamics in the synapse and influence neurotransmission such as frequenin and Cysteine-string Protein (csp) (Dason et What are the implications of reduced neuronal excitability and NFAT-dependent synaptic growth and transmitter release phenotypes on neuronal plasticity? To specifically answer this question, we used a recently developed model of pre-synaptic activity-dependent plasticity in the Drosophila larval preparation (Freeman et al.) . We believe this model better represents plasticity pathways commonly observed in a variety of model systems, since it engages several known plasticity regulators such as the Ras/MAPK signaling module and the transcription factors Fos and CREB Sanyal et al., 2002; Sweatt, 2001 ). In support of the notion that reduced neuronal excitability should inhibit activity-dependent plasticity, neuronal expression of NFAT completely limits synaptic plasticity seen in the CK model. Together with the observation that NFAT expression also attenuates rapid activitydependent nascent bouton formation at this synapse, these findings support a scenario in which NFAT constrains synaptic plasticity potentially through attenuation of neural activity. Significantly, an NFAT-dependent alteration in neuronal excitability provides a unifying mechanism that satisfactorily explains NFAT's role in growth factor mediated axonal outgrowth in cultured mouse embryonic neurons (Graef et al., 1999) , both structural and functional plasticity of neuronal dendrites in Xenopus tadpole tectal neurons (Schwartz et al., 2009 ) and our own results with Drosophila motor neuron synapses. It is tempting to speculate that increasing NFAT activity in relevant neuronal circuits will also inhibit longterm behavioral adaptation. It is also possible that physiological levels of NFAT activity in individual neurons establish a threshold for synaptic growth and strengthening. Thus, when NFAT expression is increased in neurons (perhaps through the established pathways of calcium entry and calcineurin activation), the barrier for activity-dependent changes is elevated. In this way, the magnitude of NFAT activity in neurons might help filter out spurious, non-relevant fluctuations in neural activity from more salient, long-lasting variations such that only these are able to translate into persistent changes in neuronal function and behavior. While the downstream effects of NFAT on gene expression and precise mechanisms by which NFAT modulates neuronal excitability remain to be discovered, results from this study support the possibility that transcriptional regulation of neuronal excitability could be a more widely prevalent phenomenon during long-term plasticity and behavioral adaptation across species.
Experimental Methods
Fly stocks, rearing, transgenics and genetics
Drosophila strains were reared in standard corn meal -dextrose -yeast containing food at 25°C in controlled humidity incubators under a constant 12 hour light:dark cycle with the exception of experiments with comt; Kum mutants which were reared at 21°C (Freeman et al.) . GAL4 lines elav C155 , OK6, Mef2 and ShakB have been described previously (Lin et 
Antibodies, RNA in situs, immuno-histochemistry, western blotting and imaging
Larval dissection, staining and confocal microscopy were performed according to standard protocols (Franciscovich et al., 2008) . Briefly, larvae were dissected in Ca2+ free HL3 ringer's solution, fixed in 4% paraformaldehyde, stained with primary antibody overnight, and followed by incubation in Alexa Fluor conjugated secondary antibody. For CNS staining, antibody incubation and washes were in a modified phosphate buffer (Sanyal, 2003) . Mouse anti-Elav (partially purified IgG; DSHB, Iowa) was used at 1:100, mouse anti-syt (ascites, DSHB, Iowa) at 1:1000, rabbit anti-GFP (Molecular Probes) was used at 1:1000. Cy-5 conjugated Phalloidin (Jackson Laboratories) and all Alexa Fluor conjugated secondary antibodies (Molecular Probes) were used at 1:200. An inverted 510 Zeiss LSM microscope was used for imaging. For quantitative fluorescence care was taken to prepare samples identically. Samples were imaged and analyzed double blind, and all imaging was interleaved such that control and experimental samples were imaged alternately on the same day. Confocal settings including black level (offset/contrast), gain, pixel dwell time and the number of iterative samplings for noise reduction were kept constant. Quantification of average fluorescence was done using ImageJ after background subtraction of 8-bit grayscale images. Mean FasII fluorescence intensity was divided by the mean HRP fluorescence intensity for each NMJ analyzed. This ratio was then plotted as a percentage of the control mean fluorescence ratio. NMJ size was counted as the number of Syt labeled boutons on muscles 6 and 7 (VL1 and VL2) in abdominal segment A2. Only one synapse was counted from one animal and at least 13 animals were counted for each genotype. Numbers were not normalized to muscle surface area since muscle sizes were independently determined to be comparable across genotypes (supplementary Figure 5) . For Western blotting, adult Drosophila heads were isolated by snap freezing whole flies in liquid nitrogen and then using mechanical decapitation (vortexing) and separation with tissue isolation sieves. Adult heads or larval CNSs were added to 2x SDS protein extraction buffer (50 mM Tris-HCl, ph 6.8, 1.6% SDS, 8% glycerol, 4% β-mercaptoethanol, 0.04% xylene cyanol/bromophenol blue, including 2x Complete Mini Roche Protease Inhibitor) and homogenized using a motorized pestle. Protein lysates were separated on a 12% acrylamide gel. Proteins were visualized with peroxidase-conjugated secondary antibodies (1:1000) and developed with an ECL chemiluminescence kit (Amersham Biosciences). Anti-NFAT antibodies were raised in rabbits against a C-terminal portion of the protein comprising amino acids 989-1419 that was found to diverge most significantly from the vertebrate NFAT sequence. This partial protein was cloned downstream of an N-terminal GST tag in the vector pGS-21a (Genscript Inc.) and expressed in E. coli BL21(DE3) cells. The fusion protein was detected in inclusion bodies, which were purified and used for antibody production (Genscript Inc.). Bleeds were affinity purified against immobilized fusion protein and used for western blotting experiments (1:100).
Electrophysiology
Patch Clamp Recordings-Whole cell tight seal recordings were performed on motoneuron RP2 (MNISN1s) using external (mM: 118 NaCl, 2 NaOH, 2 KCl, 4 MgCl 2 , 4 CaCl 2 , 40 sucrose, 5 trehalose, 5 HEPES; pH 7.1; osmolality 305 mmol kg −1 ) and internal salines (mM 130 K-gluconate, 2 NaCl, 10 HEPES, 1 EGTA, 2 MgCl 2 , 0.1 CaCl 2 , 10 KOH; pH 7.2; osmolality 285 mmol kg −1 ) as described previously (Choi, 2004; Sandstrom, 2008) . RP2 somata were visualized with ShakB-gal4 (Takizawa et al., 2007) driving membranebound GFP, using a parental strain that was homozygous w; ShakB-gal4; UAS-mCD8-GFP. When crossed to a line carrying a UAS-driven transgene, all progeny expressed both GFP and the transgene in RP2 ( Figure 5A ) and a small number of ventral neurons (Takizawa et al., 2007) . For control experiments, ShakB-gal4;UAS-mCD8-GFP was crossed to wildtype. For recording, the CNS was removed from the larva, immobilized on a small chip of coverslip coated with poly-DL-ornithine (Sigma), and placed in a recording chamber under continuous superfusion. The sheath was softened and removed using a small-bore pipette filled with 0.1% collagenase type XIV (Sigma). Neurons were visualized with a 63X waterimmersion objective, using Nomarski optics and GFP fluorescence (Olympus BX51WI; Olympus America, Center Valley, PA). Whole-cell recordings were performed with an AxoPatch 200B controlled by pClamp 8.2. Electrodes were fabricated to 5 -10 Mohm from thick-walled capillary glass (World Precision Instruments, Sarasota, FL) on a vertical puller (Narishige PP-830, Narashige International USA, East Meadow, NY). F/I curves were measured in current clamp at -60 mV, while input resistance was measured from the slope of the I-V relation in voltage clamp at a holding potential of −70 mV.
Larval NMJ recordings-Two-electrode voltage clamp (TEVC) experiments were performed as described previously (Franciscovich et al., 2008; Sanyal et al., 2002) . Briefly, larvae were dissected in normal HL3 ringer's solution (Stewart et al., 1994 ) with 1 mM Ca2+. Both recording and current injecting electrodes were filled with 3 M KCl. Only those recordings were used where the voltage deflection following nerve stimulation could be clamped to within 5 mV. Muscle 6 (VL2) in abdominal segment A2 was used for all recordings and muscles were clamped at −70 mV. A train of 25 supra-threshold stimuli at 0.5 Hz was delivered in each experiment from which mean peak EJC values were obtained by averaging the last 20 traces. 8-10 separate animals were used for each genotype. A 2 minute continuous recording was used to measure mini frequency and amplitude. Traces were analyzed using Clampfit or Mini-Analysis programs (Synaptosoft). 8-10 separate animals were analyzed for each genotype. Quantal content was determined by dividing the mean EJC amplitude for a given synapse by the mean mEJC amplitude.
Larval locomotion assays
Larval locomotion was measured by videotaping individual larvae as they crawled on the surface of a 1% agar plate that did not contain any food source. Wandering third instar larvae were collected from standard culture vials at 25°C using a fine painting brush and added to a few drops of phosphate buffered saline (PBS) at room temperature. Larvae were transferred individually onto the test plate and imaged for 30 seconds at a time. Each larva was imaged at least three times. For image analysis, each video file was converted to Quicktime and initial frames were deleted such that the file contained the last 20 seconds of recording. The entire image series was thresholded to increase contrast and larval locomotion was tracked across frames using the SpotTracker plugin for ImageJ. Three such 20 second recordings were summed to derive the total distance traveled in a 1 minute period. At least 10 larvae were analyzed for each genotype. Larval tracks were plotted using X and Y axis pixel coordinates from SpotTracker.
Statistical analysis
Statistical significances were determined using one-way ANOVA.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fasciclin II A) Representative images from synaptotagmin stained muscle 6/7 neuro-muscular synapses at the larval body wall in abdominal segment A2. The number of independent synaptotagmin stained puncta is used as a measure of NMJ size. Loss of NFAT in a deletion mutant or neuronally targeted RNAi-mediated knock-down of NFAT results in more numerous synaptic boutons, while neuronal expression of either NFAT-A or NFAT-B produces a smaller NMJ. The pan-neuronal elav C155 -GAL4 driver was used for panneuronal expression. Scale bar = 25μm. B) Quantification of bouton numbers across genotypes to show that pre-synaptic perturbation of NFAT influences bouton number while post-synaptic manipulations (using a muscle specific Mef2-GAL4 driver line) are ineffective. Loss of NFAT in deletion mutants (NFAT ΔAB ) and following RNAi-mediated knock-down in neurons results in NMJs that are significantly larger than genetically matched controls. Conversely, expression of wild type NFAT pan-neuronally results in fewer pre-synaptic boutons. Co-expression of wild type NFAT with the RHD domain of Drosophila NFAT results in partial rescue of the NFAT-mediated small NMJ phenotype. Although NFAT is expressed in larval muscles, over-expression of NFAT in muscles using the mesoderm-specific Mef2-GAL4 driver does not alter pre-synaptic growth. NFAT also antagonizes the growth promoting effect of the transcription factor AP-1 (a dimer of fos and jun) on these synapses. As a result animals co-expressing NFAT and AP-1 have NMJs that are intermediate and not significantly different from wild type animals. Co-expression of NFAT with the bZip domain of Fos (FBZ; this leads to AP-1 inhibition) leads to small NMJs that are similar in size to expression of either FBZ or NFAT alone. This suggests that NFAT and AP-1 antagonize one another in pre-synaptic growth control. Numbers on the histograms, in this graph and in all others, are the number of NMJs analyzed for that genotype. A) Multiple spaced incubations of wild type larval fillet preparations with high potassium containing saline results in the formation of "ghost boutons" that are labeled by pre-synaptic markers such as HRP, but that do not contain corresponding post-synaptic receptors (labeled with Dlg) (arrows) B) Neuronal expression of NFAT completely precludes the formation of these ghost boutons upon stimulation with high potassium containing saline. C) Quantification of ghost boutons from ten independent preparations per genotype shows that while acutely increasing neural activity in a spaced fashion leads to the formation of more ghost boutons in a wild type animal, neuronal expression of NFAT-A prevents such an increase in ghost boutons. D) Model depicting how NFAT might dampen neuronal excitability thereby restricting activity-dependent synaptic plasticity. In this way it is in a position to antagonize positive regulators of plasticity such as AP-1 and CREB.
